The interaction, or wetting, of long aligned carbon nanotube (CNT) forests with off-the-shelf (no solvent added) commercial thermoset polymers is investigated experimentally. A technique for creating vertically aligned CNT composite microstructures of various shapes is presented. The effective wetting of the forests, as evidenced by a lack of voids, by three polymers with widely varying viscosities supports the feasibility of using CNT forests in large-scale hybrid advanced composite architectures. Among various routes identified for the polymer to penetrate the forest, capillarity-driven wetting along the CNT axis is the preferred route. Aligned CNT microstructures are useful in many applications including test structures for direct mechanical and multifunctional property characterization of the aligned CNT-polymer composite materials.
Introduction
Research into the manufacturing and applications of carbon nanotubes (CNTs) has expanded rapidly in recent years, in large part motivated by the exceptional electronic, thermal and mechanical properties of CNTs as long molecular structures. Hybrid composite architectures combining traditional composite materials with CNTs offer significant potential mechanical and multifunctional performance benefits. However, the properties of microscopic and macroscopic composite structures containing CNTs have not yet approached the properties of individual CNTs, let alone those of existing fibre-reinforced polymeric composites.
Most of the work on CNT-based composites presented in the literature to date focuses on using CNTs as a reinforcement, or as a filler, in a polymeric matrix by dispersing and perhaps subsequently aligning single-or multi-walled CNTs 3 Author to whom any correspondence should be addressed. in the matrix [1] . Thostenson et al [2] , in a review article, identified the four most influential processing factors for the mechanical properties of the hybrid composite to be: CNT length, matrix-CNT adhesion, and particularly alignment and dispersion of the CNTs within the matrix. CNT quality (e.g. defect density, wall structure) is a fifth important factor. Alignment [3] and dispersion are critical factors that are difficult to control experimentally using oft-repeated mixing methods. CNTs embedded in a polymeric matrix form aggregates of themselves that are not only poorly adhered to the matrix, but also concentrate stresses, compromising the effect of the CNTs as reinforcement. Sonication [4] and calendaring [5] have been used to mitigate this problem, but are not effective beyond ∼3% CNT volume fraction due to the formation of aggregates and misalignment of the CNTs. The mechanical properties (modulus and strength) of these CNT/polymer nanocomposites are degraded when the volume fraction of the CNTs is higher than ∼5% [1] . The current work is motivated by structural applications of CNTs in existing advanced composite systems, particularly those used in high-performance aerospace applications. Unlike approaches that disperse bulk, randomly oriented CNTs in a matrix, our work [6] has focused on the growth of aligned CNTs on fibre architectures, such as ceramic cloth, with subsequent application of the polymer matrix to create aligned CNT/polymer/fibre hybrids. CNT growth by vapour deposition (CVD) processes allows fabrication of densely packed carpets ('forests') of aligned CNTs on various substrates. Others have used such forests to create composite films by wetting the wellaligned CNTs with a polymer dissolved into a low-viscosity solvent [7] . In our work, no solvents are used; commercially available thermoset polymers are combined with aligned CNTs at room temperature. A technique for the fabrication of aligned CNT-polymer composite microstructures by capillarity-driven wetting is presented. Epoxies having a wide range of viscosities are tested, and the demonstrated wetting rates are conducive to creating a fully dispersed CNT/matrix region around macro-scale fibres in a typical composite. Preferred wetting routes are identified, and the new process (referred to as the 'submersion process') is shown to reliably create controlled microstructures of aligned CNTs and polymers (often called nanocomposites). Such structures are useful for direct mechanical characterization (as opposed to indirect measurements presented previously in the literature [8] ), and are the subject of current and future testing of mechanical and other physical properties [9] .
Experimental methods
Microstructures ('pillars') of long aligned CNTs (up to 1.5 mm high) were grown on silicon wafers. The heights and crosssectional shapes of the pillars were varied to assess the feasibility of wetting with different gross areal densities of CNT features. CNTs were grown on a Fe/Al 2 O 3 thinfilm catalyst (1/10 nm) which was deposited on bare 6 silicon wafers by electron beam evaporation, and the pillar shapes were defined by patterning the catalyst by lift-off of image reversal photoresist. CNT growth was performed in a quartz tube furnace (22 mm ID) at atmospheric pressure using a reactant mixture of C 2 H 4 , H 2 and Ar. At a typical growth temperature of 750
• C, the pillar growth rate was approximately 100 µm min −1 . Further details of the process are described in [10] . Different catalyst patterns with catalyst features ranging from 30 to 600 µm wide were used to grow the CNTs, at rates exceeding 2 µm s −1 , to heights ranging from 100 µm to 1.5 mm. Examples of the patterned forests can be seen in the following figures: pillars with square, rectangular, triangular and hexagonal cross-sections. The pillars have excellent alignment of the CNTs, as seen in figures 1(d) and (e).
On average, the multi-walled CNTs (MWCNTs) grown using this method have a diameter of 10 nm (five to seven concentric walls) with the spacing between CNTs being approximately 80 nm [10] . Considering the MWCNTs as solid tubes with an inner diameter of 5 nm and an outer diameter of 10 nm, and the spacing previously mentioned, the volume fraction for these nanotubes is 0.9%. Note this is not the typical composite volume fraction. The composite volume fraction of the CNT forests would be 1.2% to include the inner area of the tube, treating the tube as a solid fibre by taking the entire cross-sectional area of the MWCNT. Assumptions regarding volume fraction have been shown to strongly influence the interpretation of the mechanical measurements that are used to estimate properties of individual CNTs [11] . The effectiveness of the wetting of the CNTs was explored for different sets of CNT pillars (different shapes and sizes) and forests on Si wafers using these three epoxies. The CNT forests were held at ambient conditions prior to introduction of the various polymers. The polymers wet the as-grown forests, i.e. the CNT surfaces were not modified in any way. Numerous preliminary tests using the wetting methods reported in previous works (dropwise, dropwise plus spincoating, gravity) were performed without success in trying to find the best combination of resins and process conditions to wet the CNTs and create microstructures in a controlled fashion [15] , but are not reported in this work. In the literature, the most common way of applying the polymer matrix to the CVD-grown CNT forest is by placing a drop of a solution of the polymer on top of a forest of CNTs [7] . However, due to characteristics of our CNTs (∼10 nm diameter, 80 nm spacing) and the desired microstructures (cylinders, etc, as in figure 1), this method proved to be inadequate for creating well-controlled microstructures for high-and medium-viscosity polymers. The resins used did not penetrate the dense forest of CNTs and rather created a thin film on top of the forests, as shown in figure 3 .
The lack of good results using the dropwise and other traditional methods required the development of new wetting methods. Four sets of tests, summarized in table 1, provided insightful results. A FEI/Philips XL30 FEG SEM was used to capture images of the wetting results obtained from the four sets of tests.
The high-viscosity (200 000-500 000 cP), roomtemperature fast-curing (20 min) conductive epoxy (Loctite Hysol 1C [12] ) was used for the first set of tests with square pillars of different heights (1 mm and 200 µm CNT pillars) as reported in [6] . The first subset of tests involved placing a thin layer (∼30 µm) of the conductive epoxy in contact with 1 mm long CNT pillars. The second subset of tests used a thick layer (∼200 µm) of the same conductive epoxy in contact with 200 µm long CNT pillars. A variation of the dropwise method (described in [15] ) using three grades of UV-curing SU-8 solution (Microchem SU-8 2005, 2025 and 2050 with viscosities of 52, 5485 and 17 850 cP respectively [13]) was performed for the second set of tests. In the third set of tests, a spray gun was used to uniformly disperse different grades (2002 and 2005) of low-viscosity SU-8 on CNT pillars. For a complete description of the wetting methods developed for the first three tests see the supplementary material (available at stacks.iop.org/Nano/18/165602) and reference [15] .
Epoxy and SU-8 effectively wet the CNTs, but contraction due to capillarity effects [16, 17] was generally considered too high and largely uncontrollable for making controlled aligned CNT/polymer microstructures. The pillars were distorted, and therefore could not be used for direct mechanical characterizations. Further investigation led to a new fourth method (referred to herein as the 'submersion method') for microfabrication of CNT/polymer composites as illustrated in figure 4. In the submersion process, a Si wafer sample with the as-grown CNT pillars is first placed on a stage that allows displacement along the z-axis using a micrometer with resolution of 5 µm. A small 'pool', or reservoir containing the polymer, is placed below the stage. The stage is lowered until the top surface of the CNT features comes in contact with the polymer pool. At that moment, the suction forces created by the capillarity effect draw the polymer into contact with the entire wafer, submerging the CNT pillars completely. After 3 min, the stage was separated from the pool and the curing process continued as described previously, following the manufacturers' instructions for SU-8 (1 min at 65
• C and 2 min at 95
• C for pre-baking; UV exposure; and 1 min at 65
• C and 1 min at 95
• C for post-baking for both SU-8 grades) and EpoThin (15 h at room temperature). The SU-8 used in the fourth set of tests (SU-8 2000.1 and 2002) has even lower viscosity (1.2 and 8.42 cP, respectively) than the SU-8 2005 used in the other test sets. The new submersion process was also used with a commercial low-viscosity (200 cP) epoxy, Buehler EpoThin. The contraction with this method was reduced and, more importantly, better controlled, leading to more regular shapes that could be used in mechanical characterization. To assess the wetting in the interior of the pillars, axial and transverse cross-sections were obtained, using a nanoindenter (Micro Materials NanoTest 600) and a Diatome Histo diamond knife mounted on a microtome (RMC Ultramicrotome MTX), respectively.
Composite microstructures of aligned CNTs and polymers
In the first set of tests with extremely viscous and fast-curing epoxy, the resin viscosity increased rapidly (it became hard in ∼5 min) during the curing process. Further, the size of the conductive silver particles embedded in this resin is ∼1 µm [12] , impeding the flow of the resin into the CNT forest. Even under such stringent conditions, the epoxy penetrated the structure of the pillars in the two test subsets described in table 1. In both subtests, the pillars were transplanted from the original Si substrate to the one containing the epoxy layer. In the first subset (figure 5), the thin layer of epoxy penetrated ∼80 µm into the pillars due to the capillarity effect [16, 17] of the CNTs, as shown in figure 5(b) . The pillars were contracted at their bases, which is attributed to both the capillary forces and to the curing contraction of the epoxy resin. The alignment of the CNTs was preserved, as shown in figure 5(c) . The second subset of wetting tests used 200 µm long square CNT pillars with a 200 µm thick layer of conductive epoxy. The pillars were transplanted to the epoxy substrate again, forming a film containing a pattern of highly contracted CNT/epoxy pillars, as shown in figure 6(a) . The pillars are wet from top to bottom, but cells or voids are formed in the interior, as shown in figure 6(b) . The epoxy is probably penetrating through the bottom of the pillar but also through the sidewalls, which may explain the formation of these cells or voids in the centre of the pillar. These voids or cells are consistent with previously reported results [16] .
The second set of tests used a variation of the dropwise method with different patterns of 100 µm tall CNTs (like the flower pattern shown in figure 7(a) ). As described in [6] , the drop was not applied on the patterned CNT features, but was applied on the bare area of the silicon substrate and then spin-coated. The route of wetting in this case is through the feature sidewalls. After curing of the resin, the samples were cut using a diesaw to assess the wetting in the interior of the features. A cross-section of one of the flower features is shown in figure 7 the region ( figure 7(d) ) is in agreement with SEMs at similar magnification for fully wet aligned nanocomposite thin films previously reported by Hinds et al [7] .
In the third set of tests a spray gun was used to distribute low-viscosity SU-8 2002 (8.4 cP) and 2005 (52 cP) directly on the wafer containing CNT features (pillars). The results were highly variable, ranging from no wetting at all, with SU-8 drops attached to the walls of the pillars ( figure 8(a) ), to irregular extreme contractions ( figure 8(c) ). These tests allowed the identification of wetting routes and rates. Effective wetting of the pillar is associated with the presence of SU-8 at the base of the pillars. If the drops of SU-8 do not touch the base of the pillar, they may penetrate the sides ( figure 8(d) ) or remain on the surface ( figure 8(a) ), depending on the size of the drop. As an example, in figure 8(b) the only pillar that is fully wet is the one in the centre of the image, which is the sole pillar with SU-8 at the base of the pillar (see detail in figure 8(c)) .
Last, the new submersion method (fourth set of tests) described in the previous section (see figure 4) proved to be the most effective method for creating regular, well-controlled nanocomposite features. Unlike the first set of tests where the CNT features were transplanted to a secondary substrate containing the epoxy, in the submersion method the CNT features remain attached to the original growth substrate. As mentioned previously, pillars and forests of CNTs were wetted at room temperature by submerging the wafer into low-viscosity grades of SU-8 (SU-8 2000.1 and 2002, with viscosities of 1.27 and 8.4 cP, respectively), and a commercial low-viscosity epoxy (Buehler EpoThin, 200 cP at 25
• C), and subsequently curing the epoxy-coated substrates. The lowviscosity commercial epoxy was not found to be suitable for creating controlled nanocomposite microstructures because a 50-75 µm layer of epoxy surrounds the short pillars, covering them almost completely. Using the same process with the low-viscosity SU-8 grades, however, the small pillars generally maintained their original shapes and also remained perpendicular to the wafer, as shown in figure 9 (pillar wet using SU-8 2000.1) and figure 10 (pillars wet using SU-8 2002). Note the clearly visible deficit of epoxy near the base of the wet pillars in figure 10 , indicating that wetting proceeds up through the pillar base.
Using the submersion method, shape control of the nanocomposite microstructures was found to depend on the polymer viscosity, feature size (e.g. pillar diameter) and crosssectional shape (e.g. round versus sharp corners). This is attributed to the capillary forces working to contract the CNT features, which are resisted by the attachment of the CNTs to the growth substrate, resulting in a tapered nanocomposite feature relative to the starting CNT-only feature. This is consistent with the work of Chakrapani et al [16] who attribute similar cell formation to the effect of the capillary forces during the wetting process. The contraction in cylindrical pillars with small cross-section produced by the SU-8 2000.1 grade (see figure 9 ) is much higher than that obtained when using the more viscous SU-8 2002 (pillar in figure 10(b) ). Wetting of pillars and forests with a large cross-section (relative to height) CNT axis Figure 9 . SEM of pillar fully wetted using SU-8 2000.1. The pillar is highly contracted (the original diameter of the pillar is shown by the dark circle around the base of the pillar); however, the regularity of the contraction produced during wetting maintained the cylindrical shape and CNT alignment. . It is hypothesized that the higher-viscosity resin penetrates at a slower rate resulting in a more uniform (approaching hydrostatic) pressure around the pillar during the submersion process.
In order to assess the wetting inside the nanocomposite microstructures, mechanical methods were used to create cross-sections. Due to the small diameter of the pillars and their relatively high aspect ratio, it was not possible to use a diesaw or microtome. However, transverse cross-sections of several pillars wetted using SU-8 2000.1 were obtained using a nanoindenter (Micro Materials NanoTest 600) by asymmetrically compressing the pillars so as to cause fracture of the pillar through the centre of the pillar along the CNT axis, as shown in figure 13 . Compression test results are reported elsewhere [9] . The absence of voids and uniform texture in the vertical and horizontal cross-sections suggests that the epoxy fully and uniformly penetrates the CNT structures. It is important to note in figure 13(b) that wetting does not destroy the alignment of the CNTs inside the pillars.
Interior wetting was also assessed in large-diameter pillars and also forests using SU-8 2002 and the submersion process, as shown in figures 14 and 15. The interior of the pillars was exposed using a microtome (RMC Ultramicrotome MTX). due to the accumulation of epoxy during microtoming. The submersion method was also effective in wetting forests on a 1 cm 2 substrate covered with aligned CNTs. Only the submersion method generated well-controlled wetting results for forests of CNTs. SU-8 2002 proved to be the most effective polymer for creating nanocomposite forests that maintained the original height and alignment, while producing full wetting, as shown in figure 15 . A cross-section of the forest, shown in figure 15(b) , was obtained using a Disco DAD-2H/6T diesaw. The lack of voids, alignment of the CNTs and the uniform height in the nanocomposite film provide good evidence of effective and controlled wetting.
Summary
Uniform wetting of well-aligned CNTs with commercially available epoxy resins has been achieved without resorting to thinning the polymers with a solvent. Owing to strong capillary interactions between the epoxy resin and the aligned CNTs, wetting was achieved even under the stringent conditions of a viscous rapid-curing epoxy that was initially filled with large conductive particles (∼1 µm). A broad study of the effects of epoxy viscosity, CNT feature geometry, and wetting process reveals that penetration of the polymer into the aligned CNT features induces significant contraction transverse to the CNT axis. In large-area CNT features, this contraction leads to macroscopic voids due to the attachment of the CNTs to the growth substrate. Reducing polymer viscosity tends to increase the rate and length of penetration into the aligned CNT features. As an example, pillars as high as 1.5 mm have been effectively wetted with SU-8 2002 and EpoThin (with viscosities of 8 and 200 cP, respectively). A new submersion method enables fabrication of shape-controlled nanocomposite features including pillars and films. Three wetting routes were identified from observations of the resulting wet and partially wet features in all four sets of tests (different wetting processes). As illustrated in figure 16 , polymers can penetrate the sidewalls, and both ends of the aligned CNT feature, with wetting through the ends being more effective and rapid than through the sidewalls. It is believed that all three routes are active in the new submersion process that yielded the most controlled nanocomposite microstructures. The volume fraction of CNTs is another important factor in the wetting (volume fraction of as-grown CNTs in this work was maintained at ∼0.9%): higher volume fractions may increase the difficulties of individually wetting the CNTs without forming aggregates, especially with high-viscosity epoxies. The regularity of the contraction could also be compromised by high volume fractions. Future studies will address the wetting of CNT pillars and forests with different polymer matrices and substrates: wetting of CNT features using the epoxies traditionally used in VARTM processes (with viscosities at their process temperature similar to the viscosity of the SU-8 2002, as mentioned previously); and wetting of different architectures of CNT/fibre/polymer hybrid composites.
Of particular interest is the maximum density of CNTs that a polymer can penetrate. In this study the aligned CNT features had an average spacing of ∼80 nm for CNTS of ∼10 nm in diameter, which equates to a CNT composite volume fraction of ∼1%. It is expected that an upper limit on CNT volume fraction exists where polymers of a given viscosity will not wet the CNT features.
